Abstract Objective: The purpose of this study was to review the early postoperative course of stage 1 Norwood with Blalock-Taussig shunt (BTS) or right ventricle-to-pulmonary artery conduit (RVPA) and to identify early predictors of failure. Material and methods: A retrospective analysis was conducted in 33 consecutive neonates who underwent BTS (n = 19) or RVPA (n = 14) stage 1 Norwood procedure between 2000 and 2005. Pre-, peri-, and postoperative data included: hourly hemodynamics and blood gases, pulmonary to systemic flow ratio, duration of mechanical ventilatory and inotrope support, intensive care and hospital stay. Failure was defined as death or transplantation. Results: Thirteen patients failed the procedure (39.4%): 10 BTS (52.6%) and 3 RVPA (21.4%). Failure decreased from 61.1% in 2000-2002 to 13.3% in 2003-2005 and was associated with: low systolic, mean and diastolic blood pressure, urine output, pH, base excess, bicarbonates, and high pulmonary to systemic flow ratio within 24 h postoperatively. Arterial oxygen and CO 2 pressure, and oxygen saturation did not differ with failure. RVPA had higher diastolic blood pressure and more stable hemodynamics despite similar pulmonary to systemic flow ratio.
Introduction
Despite improved surgical techniques and decreased intraoperative ischemic time postoperative mortality after the stage 1 modified Norwood procedure still remains high [1, 2, 3, 4] . Inherent in the complex Norwood procedure is the task of creating and maintaining balance between pulmonary and systemic circulations. Two large studies have recently demonstrated that the right ventricle to pulmonary artery conduit technique improves outcome compared to the classical Blalock-Taussig shunt Norwood procedure [5, 6] . The purpose of this study was to review the early postoperative course of the stage 1 procedure to identify early markers of further failure and to compare outcomes of the two procedures.
Material and methods
The study was approved by the Institutional Review Board of the Children's Hospital of Pittsburgh. The records of all 33 consecutive neonates who underwent a stage 1 repair between 2000 and 2005 were retrospectively reviewed. Anatomical diagnosis was based on preoperative echocardiographic and operative findings. Patients were included if they had hypoplastic left heart syndrome or similar cardiac defects, including any ductodependent systemic output and single-ventricle physiology.
Surgical repair consisted of the creation of a neoaorta using the proximal pulmonary artery followed by the atrial septectomy procedure. Pulmonary blood flow was reestablished through the modified Blalock-Taussig anastomosis (3, 3.5, or 4 mm diameter shunt) between the take-off of the right subclavian artery and the right Table 1 Demographic and preoperative anatomical data in BTS vs. RVPA groups and in failed vs. successful procedures (AAo ascending aorta, AoAn aortic annulus, AN antenatal, AS aortic stenosis, BTS Blalock-Taussig shunt, DIV double inlet ventricle, HLHS hypoplastic left heart syndrome, RV right ventricle, RVPA right ventricleto-pulmonary artery conduit, TR tricuspid regurgitation, TrAo transverse aorta) Basic characteristics were collected: gender, cardiac anatomical diagnosis, age of gestation, birth weight, age at diagnosis, circumstances of diagnosis, age at surgery, time from diagnosis to surgery, and preoperative mechanical ventilatory support. Total cardiopulmonary bypass, aortic clamp and circulatory arrest times were recorded. Hemodynamic parameters and blood gases were obtained hourly during the 24 h preoperatively (early postoperative period), at the time of surgery (within 1 h preceding initiation of bypass), and during the first 72 h postoperative (or until stabilization of hemodynamic status): systolic, diastolic, mean blood pressures, central venous pressure (expressed in mmHg), urine output (in ml/kg per hour), arterial oxygen (PaO 2 ) and CO 2 (PaCO 2 ; both in mmHg), pH, excess base and lactates, arterial oxygen saturation (SaO 2 ), inspiratory oxygen delivery, and mechanical ventilatory support parameters (end-expiratory pressure and peak inspiratory pressure). Lactate levels were used as a tool to evaluate trends, related to the low circulatory syndrome linked to pulmonary overcirculation and/or myocardial dysfunction. The superior vena cava oxygen saturation was used to approximate the systemic mixed venous saturation (SvO 2 ); the pulmonary to systemic flow ratio (QP/QS) was calculated assuming pulmonary venous oxygen saturation to be 95%, as in the formula that follows: QP/QS = (SaO 2 -SvO 2 )/(95-SaO 2 ). Patients were sedated to allow optimal mechanical ventilation. Inotropic support was initiated at the end of by-pass (5 µg kg -1 min -1 dopamine), and the dose was subsequently adjusted according to hemodynamic changes. Support with milrinone was given as a routine low systemic resistance strategy (0.5-1.25 µg kg -1 min -1 ). Diuretics were started on postoperative day 1. Patients with uncontrolled hemodynamic instability were placed on mechanical systemic assistance by extracorporeal membrane oxygenation. Echocardiographic data were collected pre-and postoperatively. Failure of procedure was defined as death due to a cardiac cause or heart transplantation, and freedom from failure (successful procedure) as freedom from any of the preceding events. The duration of mechanical ventilation was the time from surgery to extubation, and the length of intensive care and hospital stays the time from surgery to discharge from the intensive care unit and the hospital, respectively.
Data are expressed as mean ± standard deviation for numerical variables and as percentages for categorical variables. The median value was calculated as the representative value of each hemodynamic and blood (Table 1) .
Pre-and per-operative data
None of the preoperative echo Doppler parameters was associated with failure or surgical procedure (Table 1) .
Hemodynamics and blood gases assessed at the time of surgery were not correlated with failure and were similar in BTS and RVPA groups ( Table 2 ). BTS diameter was 3.7 ± 0.3 mm in failed, 3.8 ± 0.2mm in successful BTS procedures (p = 0.47). Total cardiopulmonary bypass, aortic clamp, and cardiac arrest times were similar between failed and nonfailed cases as well as between BTS and RVPA groups ( Table 2 ). Chest closure was delayed in 80% of failed and 92.3% successful procedures (p = 0.93) and in 73.6% of BTS and 100% of RVPA procedures (p = 0.03).
Early postoperative course
Median values during the early postoperative course (day 1) are presented in Table 3 . Systolic, diastolic, and mean blood pressure (Fig. 1a) , urine output (Fig. 1b) , pH, base excess, and bicarbonates were lower, and central venous pressure higher in failed than in successful cases. PaO 2 , PaCO 2 , and SaO 2 did not differ with failure. Failed cases received higher end-expiratory pressure, lower peak inspiratory pressure, and less oxygen (Table 3) . Diastolic and mean, but not systolic, blood pressure differed between BTS and RVPA procedures. The lowest pH within the first 24 h postoperatively was 7.18 ± 0.14 in BTS and 7.26 ± 0.06 in RVPA (p = 0.047). QP/QS was 2.7 ± 2.9 l/min (range 0.16-11.9, median 2.2): 5.5 ± 5.6 l/min in failed and 2.0 ± 1.4 l/min in successful procedures (p = 0.06; Fig. 1c) , with no difference between BTS and RVPA groups (respectively 2.1 ± 1.5 vs. 3.9 ± 4.5 l/min, p = 0.28). There was no correlation between high QP/QS and low PaCO 2 . Patients received a mean daily diuretic dose of 1.4 ± 1.2 mg/kg during the first 24 h, with no difference between groups (Table 3) 108.4 ± 59 h of dopamine infusion, p = 0.02; 142.5 ± 167 vs. 100.2 ± 93.9 h of milrinone infusion, p = 0.38; Fig. 2a ) and was higher in BTS than in RVPA procedures (231.9 ± 124.5 vs. 73.7 ± 15.5 h of mechanical ventilation, p = 0.0007; 180.7 ± 100.3 vs. 75.5 ± 29.9 h of dopamine infusion, p = 0.001; 152.2 ± 150.3 vs. 64.5 ± 52.3 h of milrinone infusion, p = 0.06; Fig. 2b ).
The RVPA group received the same amount of vasodilatators as the BTS group.
The cumulative diuretic dose administered between days 1 and 3 was 8.0 ± 5.5 mg/kg, similar between failed and successful procedures (respectively, 6.9 ± 6.9 and 8.8 ± 4.2 mg/kg, p = 0.41) and between BTS and RVPA groups (respectively, 7.1 ± 6.0 and 10.4 ± 3.2 mg/kg, 
Outcome of survived patients
The duration of intensive care ranged from 5-65 days (15.3 ± 12.8): 18.6 ± 13.8 in BTS and 10.3 ± 7.4 in RVPA (p = 0.05). In-hospital stay ranged 5 to 65 days (BTS 28.0 ± 16.1, RVPA 16.6 ± 9.7, p = 0.02). In-hospital mortality was 30.3% over the entire period and declined from 44.4% to 13.3% during the second period. Twenty-three patients were discharged home alive (two transplantations). One patient developed further refractory heart failure due to right ventricle dysfunction and under- The second stage Glenn procedure was successful in 12 patients (8 BTS, 4 RVPA) at the age of 4.5 ± 1.6 months (2-7 months): earlier in RVPA (3.7 ± 0.5months) than in BTS (4.8 ± 1.9months). The eight remaining cases were still awaiting Glenn conversion. SaO 2 was lower in RVPA at the time of the Glenn procedure (66.6 ± 9%, median 65% vs. 73 ± 7.2%, median 73%, p = 0.10). Freedom from failure is shown in Fig. 3 .
Discussion
Early outcome after stage 1 Norwood procedure remains challenging. The decrease in pulmonary vascular resistances may result in pulmonary overcirculation, and subsequent myocardial overload, impaired systemic output, and inadequate tissue oxygen delivery [7, 8, 9, 10, 11] . In our study failed cases exhibited poor hemodynamic status from the early postoperative course. Hemodynamic parameters were significantly impaired, and metabolic acidosis was predominant in these, as demonstrated by lactate levels and base excess. Lactates are currently used as a tool for evaluation of trends, related to the low circulatory syndrome linked to pulmonary overcirculation and/or myocardial dysfunction. Our results are in accordance with the view of Hatherill et al. [12] that increased lactacidemia is the best predictor of mortality in children with schock. QP/QS was calculated using mixed venous saturation and was found to be correlated with base excess [13] . Results evidenced unbalanced QP/QS and excessive pulmonary flow in failed cases, suggesting that uncontrolled overcirculation syndrome was predominant in failure from the very early postoperative course. Control of pulmonary flow by lowering inspiratory oxygen fraction and increasing arterial CO 2 pressure was the primary strategy used in our early experience and proved to be ineffective. Keidan et al. [14] reported efficacy of hypoxic mixture combining 15% O 2 and 3% CO 2 to improve systemic blood pressure in a very limited number of patients over a short period of time. Conversely, low oxygen administration can adversely modify QP/QS by lowering pulmonary vein oxygen saturation, and hypoventilation may lead to detrimental airways obstructions [15, 16, 17] . Bradley et al. [17] recently observed that high inspiratory oxygen fraction increases mixed venous saturation without deleterious change in the systemic blood pressure. We also observed better outcome in patients who received more oxygen. Other strategies have been recently proposed, targeting systemic instead of pulmonary resistances. Decreasing systemic vascular resistance may be more effective for improving hemodynamic status [18, 19, 20] , as reported with the use of phenoxybenzamine [21] . However, its effect on diastolic blood pressure may be deleterious by altering coronary perfusion and myocardial function. Due to its long half-life and inability to be properly titrated management of this drug in such instable patients is delicate, and drugs with short half-life, such as milrinone, should be preferred.
Our current strategy prefers the use of milrinone immediately at the end of bypass. This may have contributed to improved outcome, although our small-sample study did not allow reliable comparison to confirm this assessment. The low diastolic blood pressure in failed procedures may be one of the main determinants for outcome through its impact on coronary perfusion. Strauss et al. [22] demonstrated that cardiac output is more closely correlated with outcome than is QP/QS. We speculate that the combination of single ventricle overload related to pulmonary overcirculation and poor coronary perfusion due to low diastolic blood pressure resulted in increased myocardial work and subsequently to poor cardiac output with inadequate tissue perfusion. These suggestions must be confirmed in a larger cohort.
Preoperative anatomical findings were not associated with further failure, nor were preoperative metabolic acidosis or organ failure (as far as normalization of hemodynamics could be obtained before surgery) or preoperative myocardial dysfunction and tricuspid regurgitation. It is therefore important not to contraindicate surgery on the basis of initial severe cardiac failure [23, 24] . Our experience does not confirm the view of Breymann et al. [25] as failure was not related to BTS diameter. Mechanical ventricular support may decrease ventricle work and allow the myocardium to recover [26, 27] . None of our patients could be successfully weaned off support unless they received a heart transplant. We do not recommend routine postoperative support because of serious extracardiac complications, but it would probably benefit to patients with early indicators of pump failure.
Introduction of the RVPA technique as an alternative to BTS has considerably improved early postoperative outcome [28] . In our experience failure occurred in 21.4% of RVPA cases and 52.6% of BTS cases. The RVPA technique allowed a more stable postoperative course and a shorter period of mechanical ventilation, hemodynamic support, and intensive care. This technique seems to provide a more adequate balance between pulmonary and systemic circulations, although the exact mechanisms are not clearly defined [5, 6, 28, 29] . We found that high QP/QS was associated with failure but not with BTS or RVPA technique, suggesting that high QP/QS also occurs in RVPA.
In accord with previous findings [6, 30, 31] we found higher diastolic blood pressure in RVPA than in BTS patients, despite similar amounts of vasodilatators, with possible impact on coronary perfusion. Our study did not analyze coronary perfusion, and this hypothesis must be addressed in larger studies. However, the higher diastolic blood pressure has been suggested to improve coronary perfusion and therefore prevent myocardial ischemia [6, 28, 29, 30, 31, 32] . Despite the lack of difference in QP/QS during the first 24 h postoperatively, better tissue perfusion was achieved with RVPA than with BTS. We speculate that improved diastolic-dependent coronary perfusion decreases myocardium work. It is probable that RVPA and BTS carry the same risk of early overcirculation syndrome, although some authors have demonstrated more restrictive pulmonary perfusion with RVPA late after surgery [32] . These improved results may also be related to better intensive care management [2, 33, 34, 35] , but RVPA seems to provide immediate adequate coronary perfusion resulting in more stable and more favorable outcome. However, long-term outcome with the RVPA procedure has not yet been elucidated. Although allowing better growth of the pulmonary artery branches [36] , the RVPA conduit rapidly progresses to limited pulmonary blood flow and early conversion to bidirectional Glenn procedure. Ventriculotomy may potentially aggravate systemic ventricle dysfunction or create target for scar-induced ventricular arrhythmias. No data have yet documented these assessments. The findings of the Dittrich et al. [37] study suggest that continuous perfusion of magnesium provides a way of preventing arrhythmias and perhaps preserving myocardial function.
Our study has major limitations that decreased the power of the statistical analysis. First is the small number of patients. Additional data from other centers would enhance the statistical power but would also add an additional bias to the analysis by center-related disparities in the management of patients. Because of limited numbers we used statistical tests for small samples. While the results must to be interpreted with caution, they may nevertheless provide new insights that can be confirmed by further larger studies. The RVPA technique is associated with more recent experience, both in our study and in others. Longer follow-up would probably yield more information by lessening the learning experience impact on the management of these patients.
Advent of the RVPA technique and our team's improved experience may be the two main contributors to decreasing failure during the second period of our study. We believe that both factors may also have influenced other centers' experience. Surgical techniques, anesthesiology, and intensive care protocols have improved over time. Our study did not explicitly examine this, but neither have other investigations. The learning curve effect should be considered in interpreting any reported data. We believe that longer follow-up will help to address this issue and nullify the impact of learning curves on the management of these patients. Since RVPA procedures had more favorable and stable early outcome despite similar QP/QS, we suggest that higher diastolic blood pressure contributed more to improved early outcomes than restrictive pulmonary outflow. Long-term follow-up of RVPA procedure has not been reported in assessment of the potential arrhythmogenic risk or myocardial consequences of the single ventricle ventriculotomy.
Conclusions
Overcirculation syndrome and single ventricle poor systolic function are predictors for failure after the stage 1 Norwood procedure. The early 24 h postoperative period is crucial for later outcome. RVPA technique may provide more stable hemodynamics through higher diastolic blood pressure. Speculations about coronary perfusion are yet to be investigated. Long-term complications of RVPA procedure ventriculotomy have also not been assessed. The ultimate decision between the two shunt procedures will be made in coming years, when the long-term outcome of children worldwide with hypoplastic left heart tell us more about arrhythmia and long-term systemic ventricle function.
